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Abstract
1. Facultative paedomorphosis is a polymorphism that has important evolutionary implications in promoting 
morphological differentiation and variation in habitat use. It occurs in several urodele species throughout 
the world. Several hypotheses based on life-history theory have been proposed to explain the wide range of 
habitats in which facultative paedomorphosis occurs, suggesting multifactorial causes.
2. In harsh habitats, such as mountain lakes, paedomorphosis might promote niche partitioning between 
morphs. This hypothesis was tested by comparing micro-habitat use and diet of two coexisting morphs in an 
alpine lake.
3. Paedomorphs occupied all microhabitats in the lake while metamorphs occurred only along the shore-
line or at the water surface. Paedomorphic newts were frequent in deep water, where they foraged mainly 
on plankton. Plankton was poorly exploited by metamorphic newts, which fed mainly on terrestrial insects. 
Difference between morphs in microhabitat use, and consequently in the diet, were consistent in both sexes 
and in juveniles.
4. In adults, the mass and energy value of stomach contents did not differ between morphs, suggesting a 
similar food availability in the habitats occupied.
5. This study indicates habitat partitioning between morphs involving dietary differences. Specific benefits 
and costs of each ontogenetic pathway may allow their coexistence in this deep and fishless lake. Paedomor-
phosis benefits individual newts by making new food resources available and presumably reducing compe-
tition at the shore of the lake. However, the proximate causes of such an ontogenetic switch remain unclear.
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Introduction
Environment can interact with ontogenetic pro-
cesses to determine phenotype variation through 
phenotypic plasticity (Scheiner, 1993). Such inte-
ractions can lead to discrete morphs, when deve-
lopmental variation is canalized into qualitative al-
ternatives (West-Eberhard, 1989; Whiteman, 1994; 
Voss & Shaffer, 1997). Current theories assume that 
the coexistence of different ontogenetic pathways 
in a population is the consequence of the selective 
pressures that result from the variability of ecolo-
gical conditions when resources are spatially and 
temporally unpredictable (West-Eberhard, 1989; 
Semlitsch, Harris & Wilbur, 1990; Kaplan, 1992; 
Schlichting & Pigliucci, 1995). In such a context, 
the organism can take advantage of alternative on-
togenetic pathways that can respond to reliable in-
formation on the future environment, or represent 
a bet-hedging strategy when such reliable infor-
mation is not available (Seger & Brockmann, 1987; 
Scheiner, 1993). An evolutionary consequence of 
phenotypic plasticity is that phenotypic variation 
offers new targets to natural selection that can re-
sult in population differentiation and speciation.
Polymorphism includes alternative behavioural 
tactics (Gross, 1996), trophic morphs in amphi-
bians (Maret & Collins, 1997), f ishes (Meyer, 1990) 
and birds (Smith, 1990), castes in colonial insects 
(Harvell,  1994), wing dimorphism in insects (Roff, 
1986) and shell dimorphism in barnacles (Lively, 
1986). The temporal course of development, such as 
prolonged diapause in insects (Menu & Debouzie, 
1995) and facultative paedomorphosis in urodeles 
(Whiteman, 1994; Denoël & Joly, 2000), is also a 
target of selection by variable environments.
In amphibians, larval habitats are often ecotones 
where ecological conditions such as water period, 
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resource availability and predator density are highly 
variable and unpredictable (Joly & Morand, 1996). 
As a consequence, phenotypic plasticity is a com-
mon trait shared by both anurans (Wilbur & Col-
lins, 1973; Newman, 1989; Morand, Joly & Grolet, 
1997) and urodeles (Whiteman, 1994). Phenoty-
pic plasticity is expressed through variation in the 
length of the larval period (Newman, 1989; Denver, 
Mirhadi & Phillips, 1998), morphology (Pfennig, 
1992; Van Buskirk & Relyea, 1998) or age at matu-
rity (Ryan & Semlitsch, 1998). In some populations 
of tailed amphibians, some of the larvae metamor-
phose before reaching sexual maturity, while others 
retain gills and gill  slits,  and mature under water 
as paedomorphic individuals. This trait is known as 
facultative paedomorphosis (Semlitsch, 1987; Whi-
teman, 1994; Ryan & Semlitsch, 1998). Such a hete-
rochronic pattern, or change in the rate or timing 
of developmental events, is suspected to play an im-
portant role in both micro- and macroevolutionary 
processes (Gould, 1977; McKinney & McNamara, 
1991; McNamara, 1997). In addition to amphibians 
(Wilbur & Collins, 1973), heterochronies are obser-
ved in mammals (Hafner & Hafner, 1984), birds (Li-
vezey, 1992), f ishes (Meyer, 1987) and invertebrates 
(Anstey, 1987).
The proportion of paedomorphic and metamor-
phic individuals varies among populations (Breuil, 
1986; Semlitsch et al. ,  1990; Whiteman, 1994). Expe-
rimental studies have investigated the mechanisms 
(i.e. density, pond drying, predation, temperature 
and lighting) that modulate the expression of pae-
domorphosis (Svob, 1965; Harris, 1987; Semlitsch, 
1987; Semlitsch & Wilbur, 1989; Semlitsch et al. , 
1990; Jackson & Semlitsch, 1993). Cross-breeding 
experiments and selection against metamorpho-
sis can modify the occurrence of this trait in pro-
geny, suggesting that plasticity also depends on 
genetic background (Tompkins, 1978; Semlitsch & 
Wilbur, 1989; Harris et al. ,  1990; Semlitsch et al. , 
1990; Voss, 1995; Voss & Shaffer, 1997). Howe-
ver, the fitness consequences of alternative tactics 
(paedomorphosis versus metamorphosis) remain 
poorly documented. Differences between morphs in 
prey size selection (Fasola & Canova, 1992; Fasola, 
1993), habitat selection (Whiteman, Wissinger & 
Brown, 1996), rate of prey capture (Reilly & Lauder, 
1988; Whiteman et al. ,  1996), date of mating (Krenz 
& Sever, 1995), age at maturity (Ryan & Semlitsch, 
1998; Denoël & Joly, 2000), and occurrence of bree-
ding events (Whiteman, 1997) can contribute to the 
maintenance of paedomorphosis in newts and sala-
manders. From these observations and experiments, 
Whiteman (1994) proposed a theoretical framework 
by formulating alternative hypotheses to explain 
the occurrence of facultative paedomorphosis in 
contrasting environments. He suggested that pae-
domorphosis can be adaptive when conditions are 
favourable (high growth rate) by enabling repro-
duction at an earlier age than in metamorphosed 
individuals. In contrast, paedomorphosis can also 
prove adaptive under harsh conditions (low growth 
rate) given the cost of metamorphosis (‘best-of-a-
bad-lot’ hypothesis: Whiteman, 1994). However, 
other factors such as habitat structure and biotic 
relationships are also suspected to influence the 
outcome of developmental pathways, through niche 
partitioning between the two forms.
Our aim was to examine the hypothesis of re-
source partitioning between the two forms. To 
this end, we compared feeding habits and habitat 
use between paedomorphs and metamorphs of the 
Alpine newt Triturus alpestris  (Laurenti, 1768) in a 
population inhabiting a deep alpine lake.
Methods
Study site and species
La Cabane Lake (altitude 1950 m) is located in the 
southern French Alps (Long. 44°24' N, Lat. 6°24' E). 
In this lake, water level varies drastically during the 
year. In June 1997, maximum depth was 7 m and the 
lake area was approximately 1 ha. In August, drying 
up split the lake into two parts (1 and 5 m deep, res-
pectively). In October, only the deepest part contai-
ned water, which was 2 m deep. Lake substratum 
consisted of rocks and sediment, but riparian and 
f loating vegetation was absent.
The Alpine newt (Triturus alpestris) population 
was composed of adult metamorphs and paedomor-
phs, and of branchiate and metamorphosed juve-
niles. In this population, both morphs reach sexual 
maturity at the same age (Denoël & Joly, 2000). 
Adulthood was defined by the presence of well-
developed cloaca, and the sex of individuals was 
determined using secondary sexual characters (e.g. 
dorsal crest, colour, shape of the cloaca). An indivi-
dual was considered to be a branchiate juvenile or a 
paedomorph when the gill  slits were open. Juveniles 
were considered branchiate when the gill  slits were 
open and snout-vent length exceeded the usual size 
attained at metamorphosis in the study population 
(30 mm).
Sampling and analyses
Newts were sampled using a landing net from the 
shore, from a boat, or by scuba diving. Sampling ef-
fort was distributed according to a (date × microha-
bitat × time of day) design. Four microhabitats were 
sampled: shore (0–1 m depth), deep bottom (3–7 m 
depth), water column, and water surface. During 
each sampling session, the whole area of each habi-
tat was sampled three times, at dawn, during mid-
day and in the evening. This procedure was repeated 
three times, in June, August and October 1997. It 
allowed the determination of the proportion of pae-
domorphs in the population. Stomach contents of 
a random fraction of these animals were then col-
lected using a gut-f lushing procedure performed 
on anaesthetized animals (Joly, 1987), just after 
the newts were collected to avoid digestion (Scha-
betsberger, 1994). Sampled newts were measured 
(snout-vent length to the nearest mm) and weighed 
(to the nearest 0.1 g). All newts were released after 
gut f lushing.
Stomach content of individuals were stored sepa-
rately in 4% formaldehyde. Prey were identified and 
measured (total length) on squared paper under a 
stereoscopic microscope. Wet weight of ingested 
prey was estimated using a relationship between 
biomass and body length for each prey type (i.e. 
regression or specific weight for each prey size). 
They were established either by weighing fresh 
prey of different sizes or obtained from the litera-
ture (Jorgensen, 1979). In order to express stomach 
content mass independent of body size, we regressed 
it against newt snout-vent length. Biomass values 
were then converted to Joules using representative 
prey values given by Cummins & Wuycheck (1971) 
and Jorgensen (1979).
Statistical procedures
An ANOVA test with the a posteriori  protected LSD 
test (Day & Quinn, 1989) was used to compare the 
number of ingested prey (‘square root + 0.5’ trans-
formation) in morphs as well as the biomass and 
energy values. A t-test was used for specific com-
parisons of diet in morphs within habitats where 
they coexist. A χ2 test for independent samples was 
also used to test the null hypothesis of both equal 
proportion of newts from the different categories 
among microhabitats and equal prey occurrence 
between each newt category (Siegel & Castellan, 
1988; Statsoft France 2000).
Results
Population structure
The paedomorphs outnumbered the metamor-
phs, accounting for 79% of the adult population 
(n = 485) in the lake in June, 80% in August 
(n = 293) and 85% in October (n = 258). Percentages 
of metamorphs and paedomorphs were similar for 
males and females: 75 and 83% in June, 81 and 79% 
in August, and 74 and 87% in October, respectively. 
Among metamorphosed newts, the proportion of 
metamorphosed juveniles varied from 37% in June 
(n = 273) to 43% in August (n = 91), and 18% in 
October (n = 49).
Micro-habitat use
In each sampling period, we found paedomorphs 
and branchiate juveniles in all the microhabitats of 
the lake (i.e. along the shore, at water surface, in 
the water column and on the bottom in deep water) 
whereas metamorphs and metamorphosed juveniles 
occupied limited habitats, mainly the shore and the 
water surface (June: χ2 = 186, d.f.  = 15, P  < 0.001; 
August – deep basin: χ2 = 117, d.f.  = 15, P  < 0.001; 
August – shallow basin: χ2 = 21, d.f.  = 5, P = 0.01; 
October : χ2 = 186, d.f.  = 10, P  < 0.001; Fig. 1). Spe-
cific statistical comparisons between habitats and 
morphs were all significant (χ2, P  < 0.05), except 
in October.
With regard to time of day, metamorphs were 
more abundant along the shore and at the water 
surface than in the water column or on the bot-
tom on each sampling occasion (dawn: χ2 = 80, 
d.f.=10, P  < 0.001; mid-day : χ2 = 73, d.f.  = 15, 
P  < 0.001; dusk: χ2 = 98, d.f.  = 15, P  < 0.001; 
Fig. 2). Specific statistical comparisons between 
habitats and morphs were all significant (χ2, 
P  < 0.001).
Diet
We sampled 778 newt stomachs (378 in June, 218 
in August and 182 in October), and identified 51 
067 prey items. Overall,  prey occurrence diffe-
red significantly in females (χ2 = 31.75, d.f.  = 3, 
P  < 0.001), males (χ2 = 26.47, d.f.  = 3, P  < 0.001) 
and juveniles (χ2 = 53.00, d.f.  = 3, P  < 0.001) of the 
two morphs (Fig. 3). Morph, gender and month of 
sampling, as well as their interactions, had a signifi-
cant effect on the number of prey ingested (ANOVA, 
Table 1, Fig. 3).
Adult paedomorphs of each sex preyed signifi-
cantly more on plankton than did adult metamorphs 
(a posteriori  LSD test, P  < 0.01, Fig. 3). Conversely, 
the metamorphs preyed more on terrestrial insects 
(LSD test, P  < 0.001 for each sex, Fig. 3). Diets of 
males and females showed similar patterns. The 
same differences were found between branchiate 
and metamorphosed juveniles (Fig. 3).
Variation in the number of ingested prey between 
morphs was observed at the different sampling ses-
sions (Table 2), except for fairy shrimps Chirocepha-
Figure 1. Spatial use of microhabitats in 1997. Each bar 
represents the proportion of newts of one of the two 
morphs in a given microhabitat (for a given microhabitat, 
the addition of the bar ‘paedomorphs’ and ‘metamorphs’ 
equals 100%). Black bars: females; shaded bars: males; 
white bars: juveniles. Wc: water column; db: deep bottom; 
sh: shore; ws: water surface. (a) June (wc: n = 238; dp: 
n = 159; sh: n = 463; ws: n = 57); (b) August, small basin 
(dp: n = 161; sh: n = 72); (c) August, large basin (wc: 
n = 168; dp: n = 89; sh: n = 72; ws: n=16); (d) October (wc: 
n = 89; sh: n = 60; ws: n = 79).
Figure 2.  Daily use of microhabitats. Same legend as in 
Fig. 1. (a) dawn (wc: n = 101; db: n = 61; sh: n = 362); (b) 
mid-day (wc: n = 59; dp: n = 48; sh: n = 64; ws: n = 19); 
(c) dusk (wc: n = 78; db: n = 48; sh: n = 37; ws: n = 38).
lus  in August and October, and terrestrial insects in 
August. However, the scarcity of these prey taxa at 
these dates prevented any firm conclusion concer-
ning newt selectivity for them.
Differences in diet between morphs were less 
marked when particular microhabitats were consi-
dered. However, paedomorphs exhibited a greater 
preference than metamorphs for fairy shrimps along 
the shore in June (P  < 0.05, t-test), for small crusta-
ceans along the shore in June (P  < 0.01, t-test), Au-
gust (P  < 0.05, t-test) and October (P  < 0.01, t-test) 
and at water surface in October (P  < 0.05, t-test), 
whereas metamorphs preyed more on terrestrial 
invertebrates than paedomorphs at the shoreline in 
June (P  < 0.05, t-test).
Prey mass and energetic gain analyses
Morph had a significant effect on the biomass of gut 
content (regressed on body length) (F1,772 = 7.052, 
P  < 0.01), but not gender (F2,772 = 0.135, P = 0.87) 
nor their interaction (F2,772 = 1.721, P = 0.18). Bio-
mass of gut contents was greater in branchiate juve-
niles than in metamorphosed juveniles (LSD test, 
P  < 0.01), but not in adult newts (LSD test) (Fig. 4).
Neither morph (F1,772 = 0.433, P = 0.51), nor gen-
der (F2,772 = 0.602, P = 0.55) or their interaction 
(F2,772 =  1.115, P = 0.32) had an effect on the energy 
content of the gut (regressed on body length) (Fig. 4).
Figure 3.  Stomach contents. Left: mean prey numbers per stomach. Right: occur-
rence of each prey (proportion of stomachs containing each prey type). (a) small crus-
taceans (Cladocerans, Copepods, Ostracods); (b) fairy shrimps Chirocephalus ;  (c) aqua-
tic insects (mainly larvae); (d) terrestrial insects. M: metamorphs; P: paedomorphs; 
NS: not significant difference between M and P; **P  < 0.01; ***P  < 0.001 (prey number: 



















































We detected substantial differences in habitat use 
between the morphs. Paedomorphic newts occupied 
all microhabitats in the lake (shore, bottom in deep 
water, water column, and water surface), while me-
tamorphic newts mainly occupied the shore and the 
water surface. Branchiate juveniles were also pre-
sent in all microhabitats of the lake, although meta-
morphosed juveniles were mainly present close to 
the shore.
Overall,  variation in diet between paedomorphs 
and metamorphs was consistent with variation in 
habitat use, paedomorphs preying more on plankton 
(fairy shrimps and smaller crustaceans) and less on 
terrestrial insects than metamorphs. Density of ter-
restrial insects is expected to be close to zero in the 
water column where paedomorphs preferentially fo-
raged, although insects that fell on the lake surface 
were more profitable than plankton to metamorphs 
along the shore and at the water surface. At depths 
where metamorphs became scarce, paedomorphs 
took planktonic prey. However, paedomorphs were 
also found foraging together with metamorphs along 
the shore or at the water surface. At the water sur-
face, newts of each morph waited for prey using a 
characteristic f loating behaviour previously descri-
bed by Chacornac & Joly (1985) and Joly & Giacoma 
(1992). If we consider the whole biomass of ingested 
prey or its energy equivalent, both tactics (i.e. those 
of metamorphs and paedomorphs) provided similar 
gains. Thus, foraging on a numerous but small plan-
ktonic prey can lead to similar stomach fullness as 
foraging on a few large insects. As metamorphs and 
paedomorphs were simultaneously present under 
water from thawing to freezing, temporal resource 
partitioning did not occur.
Skulason & Smith (1995) suggested that a relaxa-
tion of interspecific competition and the availabili-
ty of vacant niches are essential to promote resource 
polymorphisms. Our data from La Cabane lake fits 
these predictions well.  It is a heterogeneous habitat 
where Alpine newts are top predators and have no 
vertebrate competitors. Facultative paedomorpho-
sis appears to be a trophic polymorphism that al-
lows diet specializations among alternative morphs 
similar to those found in fishes (Hindar & Jonsson, 
1982; Meyer, 1990; Malmquist et al. ,  1992; Ruzzante 
et al. ,  1998) and birds (Smith, 1990). It also allows 
numerous individuals to avoid a potential intraspe-
cific competition in the littoral zone by occupying a 
vacant niche in deep water. Although cannibalism is 
frequent in some salamander species (Maret & Col-
lins, 1997), it does not occur in the Alpine newt and 
thus cannot explain habitat differences.
The hierarchy in resource partitioning shown 
here fits Shoener’s rule (1974), which asserts that 
partitioning is more frequent along the habitat axis 
than along the food axis, and that temporal parti-
tioning is rare. Habitat mainly acts through its hete-
rogeneity (Smith & Skulason, 1996) along a depth 
gradient in La Cabane lake. In this context, the per-
sistence of metamorphs may be related to specific 
advantages such as the avoidance of crowding du-
ring partial lake drying, niche enlargement through 
exploitation of terrestrial habitats, and avoidance 
of inbreeding by colonizing other aquatic sites. 
Table 1. Multivariate analysis of variance on the relative 
abundance of prey
Table 2. Significant differences in the number of ingested prey in female paedomorphs and metamorphs, male paedomor-
phs and metamorphs, and branchiate and metamorphosed juveniles in each of the three sampling periods (a posteriori 
protected LSD test)
Figure 4. Mean (± SE) prey biomass (mg) and mean ener-
getical equivalent (J) of stomach contents, weighted by 
newt snout-vent length (mm). M: metamorphs; P: pae-
domorphs. ***P  < 0.001 (t-test). The other differences 
between M and P were non-significant.
Source Wilk’s λ df F P
morph 0.844 4,757 35.010 <0.0001
gender 0.968 8,1514 3.110 <0.01
month 0.827 8,1514 18.920 <0.0001
morph x gender 0.977 8,1514 2.261 <0.05
morph x month 0.919 8,1514 8.111 <0.001
gender x month 0.968 8,1514 3.110 <0.05
morph x gender 
x month
0.945 16,231 2.708 <0.001
Females Males Juveniles
June August October June August October June August October
Prey taxa n newts
  B 102 69 81 72 34 17 115 65 40
  M 27 19 23 22 7 11 40 24 10
Small crustaceans *** * * *** *** ***
Chirocephalus *** **
Aquatic insects larvae *** **
Terrestrial insects *** *** *** * *** ***
* P  < 0.05, ** P  < 0.01, *** P  < 0.001. Grey area refer to a preponderance of the prey in the branchiate newts. 
B: branchiate newts, M: metamorphosed newts.
The outnumbering of metamorphs by paedomor-
phs observed across years (Breuil,  1986; this study) 
suggests that more larvae become mature instead of 
metamorphosing as more space and food are avai-
lable for paedomorphs.
The diet of trophic morphs have been shown to be 
more similar when resources are abundant (Hindar 
& Jonsson, 1982; Smith, 1990). However, in La Ca-
bane lake, the diet of the two morphs differed at all 
times of the year. Similarly, Malmquist et al.  (1992) 
observed continuous segregation in Arctic charr. 
They suggested that ecological stability, heteroge-
neity of niches and low fish species diversity were 
all relevant features promoting morphological spe-
cialization. The characteristics of La Cabane lake 
and its biological community fit these criteria well, 
as the lake contains a large volume of water and in-
corporates several microhabitats and inhabited by 
only one vertebrate species.
Some experimental studies have shown that pae-
domorphosis may be promoted in permanent wa-
ters, at low density and in the absence of predators 
or competitors (i.e. f ish) (Harris, 1987; Semlitsch, 
1987; Semlitsch & Wilbur, 1989; Semlitsch et al. , 
1990; Jackson & Semlitsch, 1993). Considering ulti-
mate causes, Whiteman (1994) and Ryan & Semlitsch 
(1998) pinpointed the importance of f itness conse-
quences of each ontogenetic alternative. Fitness dif-
ferences between morphs have been demonstrated 
by several laboratory and field experiments (Reilly 
& Lauder, 1988; Krenz & Sever, 1995; Whiteman et 
al. ,  1996; Whiteman, 1997; Ryan & Semlitsch, 1998; 
Denoël & Joly, 2000). In the population we studied, 
the age structure of the two morphs was similar and 
sexual maturation was similarly delayed in the two 
morphs by low temperature (Denoël & Joly, 2000). 
Moreover, we found no evidence of significant va-
riation in energy intake between the two morphs. In 
demonstrating clear niche partitioning between the 
morphs, our study highlights the benefits that can 
be gathered by paedomorphs in exploiting resources 
in deep water and presumably avoiding competition 
at the shore.
Persistence of facultative paedomorphosis may 
be permitted by a trade-off between the two tactics 
(metamorphosis versus paedomorphosis), as sug-
gested to account for shell dimorphism in a barnacle 
(Lively, 1986). Such a polymorphism has already 
been shown to allow individuals in a population to 
cope better with local variation in prey availability 
(Meyer, 1990; Maret & Collins, 1994, 1997). Moreo-
ver, facultative paedomorphosis is a reversible trait 
that allows newts to switch to the other morph when 
the local environment deteriorates (presence of 
f ish, crowding and drying: Harris, 1987; Semlitsch, 
1987; Jackson & Semlitsch, 1993). However, the 
proximate causes of the ontogenetic switch remain 
unclear. Density and growth rates in the larval stage 
are usual candidates for orienting ontogenetic pa-
thways. Our present knowledge of the Alpine newt 
population of La Cabane Lake neither supports the 
paedomorphic advantage hypothesis (earlier age at 
maturity by delaying metamorphosis) nor the best-
of-a-bad-lot hypothesis (lower larval growth rate). 
Identification of how environmental information 
influences switching from the metamorphic to the 
paedomorphic pathway remains a challenge for fur-
ther investigations.
Acknowledgments
We thank T.R. Halliday, E. Pattee and H.H. Whi-
teman for their valuable comments on the manus-
cript, J.-L. Prieur and J.-M. Izoard for their help in 
carrying the equipment to the lake, A. Dernier, P. 
Gaudin, C. Henry, J.-L. Reygrobellet, and M.-J. Tur-
quin for lending field material,  L. Rollin and A. Tro-
nel for field help, R. Clairin and M. Barbey (Office 
National des Forêts), R. Leautaud (Local Council 
of Le Lauzet), and H. Savornin (Local council of 
Montclar) for permitting access to the site. This re-
search was authorized by the French Environment 
Ministry. Field trips were funded by the Fonds Na-
tional de la Recherche Scientifique (Belgium). M. 
Denoël is supported by a fellowship from the Fonds 
pour la Formation à la Recherche dans l’Industrie et 
dans l’Agriculture (Belgium).
References
Anstey R.L. (1987) Astogeny and phylogeny: evolutionary hetero-
chrony in Paleozoic bryozoans. Paleobiology, 13, 20-43. 
Breuil M. (1986) Biologie et diff eérenciation génétique des popula-
tions du Triton alpestre (Triturus alpestris) (Amphibia Caudata) 
dans le sud-est de la France et en Italie. PhD Th esis. Parissud 
University, Paris. 
Chacornac J.M. & Joly P. (1985) Activiteé preédatrice du triton 
alpestre (Triturus alpestris) dans un lac alpin (2125 m, Alpes 
francçaises). Acta Oecologica, 6, 93-103. 
Cummins K.W. & Wuycheck J.C. (1971) Caloric equivalents for 
investigations in ecological energetics. Verhandlungen der Inter-
nationale Vereinigung für Th eoretische und Angewandte Lim-
nologie, 18, 1-158. 
Day R.W. & Quinn G.B.P. (1989) Comparisons of treatments aft er 
an analysis of variance in ecology. Ecological Monographs, 59, 
433-463. 
Denoël M. & Joly P. (2000) Neoteny and progenesis as two hetero-
chronic processes involved in paedomorphosis in Triturus alpes-
tris (Amphibia, Caudata). Proceedings of the Royal Society of 
London B, 267, 14811485. 
Denver R.J., Mirhadi N. & Phillips M. (1998) Adaptive plasticity in 
amphibian metamorphosis: response of Scaphiopus hammondii 
tadpoles to habitat desiccation. Ecology, 79, 1859-1872. 
Fasola M. (1993) Resource partitioning by three species of newts 
during their aquatic phase. Ecography, 16, 73-81. 
Fasola M. & Canova L. (1992) Feeding habits of Triturus vulgaris, 
T. cristatus and T. alpestris (Amphibia, Urodela) in the Northern 
Apennines (Italy). Bolletino di Zoologia, 59, 273-280. 
Gould S.J. (1977) Ontogeny and Phylogeny. Belknap Press, Cam-
bridge. 
Gross M.R. (1996) Alternative reproductive strategies and tactics: 
diversity within sexes. Trends in Ecology and Evolution, 11, 92-
98. 
Hafner M. & Hafner J. (1984) Brain size, adaptation, and hetero-
chrony in geomyoid rodents. Evolution, 38, 1088-1098. 
Harris R.N. (1987) Density dependent paedomorphosis in the sala-
mander Notophthalmus viridescens dorsalis. Ecology, 68, 705-712. 
Harris R.N., Semlitsch R.D., Wilbur H.M. & Fauth J.E. (1990) Local 
variation in the genetic basis of paedomorphosis in the salaman-
der Ambystoma talpoideum. Evolution, 44, 1588-1603. 
Harvell C.D. (1994) Th e evolution of polymorphism in colonial 
invertebrates and social insects. Quarterly Review of Biology, 69, 
155-185. 
Hindar K. & Jonsson B. (1982) Habitat and food segregation of 
dwarf and normal Arctic charr (Salvelinus alpinus) from Vangs-
vatnet lake, western Norway. Canadian Journal of Fisheries and 
Aquatic Sciences, 39, 1030-1045. 
Jackson M.E. & Semlitsch R.D. (1993) Paedomorphosis in the sala-
mander Ambystoma talpoideum: eff ects of a fsh predator. Evolu-
tion, 74, 342-350. 
Joly P. (1987) Le reégime alimentaire des amphibiens: meéthodes 
d'eétude. Alytes, 6, 11-17. 
Joly P. & Giacoma C. (1992) Limitation of similarity and feeding 
habits in three syntopic species of newts (Triturus, Amphibia). 
Ecography, 15, 401-411. 
Joly P. & Morand A. (1996) Amphibian diversity and land/water eco-
tones. In: Biodiversity in LandfInland Water Ecotones (Ed. J.B. 
Lachavanne), pp. 161-182. UNESCO, Paris. 
Jorgensen S.E. (1979) Handbook of Environmental and Ecological 
Parameters. Pergamon Press, Oxford. 
Kaplan R.H. (1992) Greater maternal investment can decrease off s-
pring survival in the frog Bombina orientalis. Ecology, 73, 280-
288. 
Krenz J.D. & Sever D.M. (1995) Mating and oviposition in paedo-
morphic Ambystoma talpoideum precedes the arrival of terres-
trial males. Herpetologica, 51, 387-393. 
Laurenti J.N. (1768) Specimen Medicum Exhibens Synopsin Repti-
lium. 1966 reprint. A. Asher & Co., Amsterdam. 
Lively C.M. (1986) Competition, comparative life histories, and 
maintenance of shell dimorphism in a barnacle. Ecology, 67, 
858-864. 
Livezey B.C. (1992) Flightlessness in the Galapagos Cormorant 
(Compsobalieus [NannopterumJ harrisi): heterochrony, giantism, 
and specialization. Zoological Journal of the Linnean Society, 
105, 155-224. 
Malmquist H.J., Snorrason S.S., Skulason S., Jonsson B., Sandlund 
O.T. & Jonasson P.M. (1992) Diet diff erentiation in polymorphic 
Arctic charr in Th invallavatn, Iceland. Journal of Animal Eco-
logy, 61, 21-35. 
Maret T.J. & Collins J.P. (1994) Individual responses to population 
size structure: the role of size variation in controlling expression 
of a trophic polyphenism. Oecologia, 100, 279-285. 
Maret T.J. & Collins J.P. (1997) Ecological origin of morphological 
diversity: a study of alternative trophic phenotypes in larval sala-
manders. Evolution, 51, 898-905. 
McKinney M.L. & McNamara K.J. (1991) Heterochrony. Th e Evolu-
tion of Ontogeny. Plenum Press, New york. 
McNamara K.J. (1997) Shapes of Time. Th e Evolution of Growth 
and Development. John Hopkins University Press, Baltimore. 
Menu F. & Debouzie D. (1995) Larval development variation and 
adult emergence in the chestnut weevil Curculio elephas Gyllen-
hal (Col. Curculionidae). Journal of Applied Entomology, 119, 
279-289. 
Meyer A. (1987) Phenotypic plasticity and heterochrony in Cichla-
soma managuense (Pisces, Cichlidae) and their implications for 
speciation in cichlid fshes. Evolution, 41, 1357-1369. 
Meyer A. (1990) Ecological and evolutionary consequences of the 
trophic polymorphism in Cichlasoma citrinellum (Pisces: Cichli-
dae). Biological Journal of the Linnean Society, 39, 279-299. 
Morand A., Joly P. & Grolet O. (1997) Phenotypic variation in meta-
morphosis in fve anuran species along a gradient of stream in-
fuence. Comptes-Rendus de l'Académie des Siences, Paris, 320, 
645-652. 
Newman R.A. (1989) Developmental plasticity of Scaphiopus cou-
chii tadpoles in an unpredictable environment. Ecology, 701, 
1775-1787. 
Pfennig D.W. (1992) Polyphenism in spadefoot toad tadpoles as a 
locally adjusted evolutionary stable strategy. Evolution, 46, 1408-
1420. 
Reilly S.M. & Lauder G.V. (1988) Ontogeny of aquatic feeding per-
formance in the Eastern newt, Notophthalmus viridescens (Sala-
mandridae). Copeia, 1988, 87-91. 
Roff  D.A. (1986) Th e evolution of wing dimorphism in insects. Evo-
lution, 40, 1009-1020. 
Ruzzante D.E., Walde S.J., Cussac V.E., Macchi P.J. & Alonso M.F. 
(1998) Trophic polymorphism, habitat and diet segregation in 
Percichthys trucha (Pisces: Percichthyidae) in the Andes. Biologi-
cal Journal of the Linnean Society, 65, 191-214. 
Ryan T.J. & Semlitsch R.D. (1998) Intraspecifc heterochrony and life 
history evolution: decoupling somatic and sexual development 
in a facultatively paedomorphic salamander. Proceedings of the 
National Academy of Sciences USA, 95, 5643-5648. 
Schabetsberger R. (1994) Gastric evacuation rates of adult and lar-
val Alpine newts (Triturus alpestris) under laboratory and fi eld 
conditions. Freshwater Biology, 31, 143-151. 
Scheiner S.M. (1993) Genetics and evolution of phenotypic plasti-
city. Annual Review of Ecology and Systematics, 1993, 35-68. 
Schlichting C.D. & Pigliucci M. (1995) Gene regulation, quantitative 
genetics, and the evolution of reaction norms. Evolutionary Eco-
logy, 9, 154-168. 
Schoener T.W. (1974) Resource partitioning in ecological communi-
ties. Science, 185, 27-39. 
Seger J. & Brockmann H.J. (1987) What is bet hedging? Oxford Sur-
vey in Evolution and Ecology, 4, 182-211. 
Semlitsch R.D. (1987) Paedomorphosis in Ambystoma talpoideum. 
Eff ects of density, food, and pond drying. Ecology, 68, 994-1002. 
Semlitsch R.D., Harris R.N. & Wilbur H.M. (1990) Paedomorphosis 
in Ambystoma talpoideum: maintenance of population variation 
and alternative lifehistory pathways. Evolution, 44, 1604-1613. 
Semlitsch R.D. & Wilbur H.M. (1989) Artifcial selection for paedo-
morphosis in the salamander Ambystoma talpoideum. Evolution, 
43, 105-112. 
Siegel S. & Castellan N.J. (1988) Nonparametric Statistics for the 
Behavioral Sciences. McGrawHill Co, New york. 
Skulason S. & Smith T.B. (1995) Resource polymorphism in verte-
brates. Trends in Ecology and Evolution, 10, 366-370. 
Smith T.B. (1990) Resource use by bill morphs of an African fnch: 
evidence for intraspecifc competition. Ecology, 71, 1246-1257. 
Smith S. & Skulason T.B. (1996) Evolutionary signifcance of resource 
polymorphisms in fshes, amphibians, and birds. Annual Review 
of Ecology and Systematics, 27, 111-133. 
Statsoft  France (2000) Statistica pour Windows (computer program 
manual). MaisonsAlfort. 
Svob M. (1965) Neurosekretion in Triturus alpestris montenegrinus 
Radov. und ihre korrelation mit der neotenie. Bulletin Scien-
tifque, Acadeémie R.S.F. Yougoslavie (a), 10, 379-381. 
Tompkins R. (1978) Genic control of axolotl metamorphosis. Ame-
rican Zoologist, 18, 313-319. 
Van Buskirk J. & Relyea R.A. (1998) Selection for phenotypic plasti-
city in Rana sylvatica tadpoles. Biological Journal of the Linnean 
Society, 65, 301-328. 
Voss S.R. & Shaff er H.B. (1997) Adaptive evolution via a major gene 
eff ect: paedomorphosis in the Mexican axolotl. Proceedings of 
the National Academy of Sciences USA, 94, 14185-14189. 
WestEberhard M.J. (1989) Phenotypic plasticity and the origins of 
diversity. Annual Review of Ecology and Systematics, 20, 249-
278. 
Whiteman H.H. (1994) Evolution of facultative paedomorphosis in 
salamanders. Quarterly Review of Biology, 69, 205-221. 
Whiteman H.H. (1997) Maintenance of polymorphism promoted 
by sexspecifc ft ness payoff s. Evolution, 51, 2039-2044. 
Whiteman H.H., Wissinger S.A. & Brown W.S. (1996) Growth and 
foraging consequences of facultative paedomorphosis in the tiger 
salamander, Ambystoma tigrinum nebulosum. Evolutionary Eco-
logy, 10, 433-446. 
Wilbur H.M. & Collins J.P. (1973) Ecological aspects of amphibian 
metamorphosis. Science, 182, 1305-1314. 
Manuscript accepted 26 February 2001
